ABSTRACT: Studies on the diffusion of methane in a zeolite structure type LTA (as per IZA nomenclature) have indicated that different types of methane-zeolite potentials exist in the literature in which methane is treated within the united-atom model. One set of potentials, referred to as model A, has a methane oxygen diameter of 3.14 Å, while another set of potential parameters, model B, employs a larger value of 3.46 Å. Fritzsche and co-workers (1993) have shown that these two potentials lead to two distinctly different energetic barriers for the passage of methane through the eight-ring window in the cation-free form of zeolite A. Here, we compute the variation of the self-diffusivity (D) with loading (c) for these two types of potentials and show that this slight variation in the diameter changes the concentration dependence qualitatively: thus, D decreases monotonically with c for model A, while D increases and goes through a maximum before finally decreasing for model B. This effect and the surprising congruence of the diffusion coefficients for both models at high loadings is examined in detail at the molecular level. Simulations for different temperatures reveal the Arrhenius behaviour of the self-diffusion coefficient. The apparent activation energy is found to vary with the loading. We conclude that beside the cage-to-cage jumps, which are essential for the migration of the guest molecules, at high concentrations migration within the cage and guest-guest interactions with other molecules become increasingly dominant influences on the diffusion coefficient and make the guest-zeolite interaction less important for both model A and model B.
INTRODUCTION
Studies of hydrocarbon diffusion within zeolites are important for understanding both the catalytic as well as the separation processes in petroleum and petrochemical industries. For this reason, there have been innumerable investigations by experiment and simulation during the past two decades into the properties of hydrocarbons in zeolites (Kärger and Ruthven 1992) . Many surprising behaviours of the adsorbed phase within zeolites have been observed. Examples include a levitation effect, single-file diffusion and a surprising dependence of diffusivity on temperature due to presence of an entropic barrier (Chitra and Yashonath 1995; Ghorai and Yashonath 2005; Rödenbeck et al. 1995; Schüring et al. 2002) . Many other molecular dynamics studies of these systems [see, for example, Keil et al. (2000) ; Haberlandt et al. (2001) ; Kärger et We reproduce the behaviour of D with concentration c for the above-described two parameter sets and examine in detail the related properties of the system in order to understand the underlying reasons for the markedly different dependence of D on c for the two sets. The free-energy landscape has been obtained for diffusion across the eight-ring window and also the influence of increasing concentration. Both the rate of site-to-site intra-cage hopping as well as the rate of cage-to-cage hopping have been computed. The results show the influence of various factors in determining the dependence of the diffusivity on concentration.
METHODS

Zeolite and intermolecular potential
The all-silica form of zeolite A free from extra-framework cations has been studied. This zeolite has recently been synthesized by Corma et al. (2004) . The structure of zeolite A consists of α-cages with a free diameter of about 11.4 Å. Each of these cages is surrounded by six other similar cages connected in an octahedral fashion via eight-ring windows, with a relatively narrow free diameter of 3.8 Å (see Figure 1) .
Several united-atom models for methane have been proposed and their properties in different zeolites have been studied in considerable detail. As already discussed, these models fall into two classes: potentials of the first class are close to a representative model called model or set A [see Fritzsche et al. (1993) ] with the potential parameters CH 4 -CH 4 : σ ϭ 3.817 Å, ε ϭ 1.232 kJ/mol; CH 4 -O: σ ϭ 3.14 Å, ε ϭ 0.29 kJ/mol; CH 4 -Si: σ ϭ 2.14 Å, ε ϭ 1.5 kJ/mol. This potential was proposed, for example, by Bezus et al. (1978) . Potentials very similar to model A have also been employed by Quirke and co-workers (Goodbody et al. 1991) and also by Haberlandt et al. (2001) .
Model B has the same parameters as model A except for the CH 4 -O interaction: σ ϭ 3.46 Å, ε ϭ 0.81 kJ/mol. Potentials that are close to model B were used by Ruthven and Derrah (1972) as well as by Demontis and co-workers (Demontis et al. 1997 (Demontis et al. , 2005 (Demontis et al. , 2006 .
In Figure 2 , the variation of the methane-zeolite potential energy U gh during the passage of methane from the centre of one cage to the centre of the neighbouring cage passing through the centre of the eight-ring window is shown. It has been obtained from simple molecular mechanics calculations. It can be seen that U gh has a local minimum for set A and a maximum for set B when the molecular centre of methane is in the plane of the window. We now examine the effect of this difference in the potential energy landscape on the diffusion behaviour.
Computational details
We have carried out molecular dynamics simulation in the micro-canonical ensemble with a rigid zeolite lattice. The methane molecules in the united-atom approximation were simulated using DLPOLY (Forester and Smith 1985) . All simulations reported here have an energy conservation of better than 1 in 10 4 . We have chosen to work with 2 × 2 × 2 unit cells of the all-silica form of zeolite A, with a total of 64 cages. Our aim was to provide a microscopic explanation of the different behaviours in the D(c) curve. We shall not attempt a comparison with experiments. In this study, we have chosen to use a cage diameter of 12.25 Å to enable us to compare our results with earlier work (Fritzsche et al. 1993; Beerdsen et al. 2005 Beerdsen et al. , 2006 .
Each unit cell consists of 24 Si and 48 O atoms. Loading has been varied between 1 and 12 methane molecules/cage. In some cases, where the statistical uncertainty is large, we have actually not shown the activation energies.
Integration has been carried out using the Verlet leapfrog algorithm with a time step of 5 fs. The positions and velocities were stored every 20 steps or 0.1 ps. A cut-off radius of 12 Å has been employed. The mass of the methane molecule was taken as 16 amu. Calculations have been carried out at three different temperatures: 170, 260 and 300 K. Equilibration and production runs were 500 ps in length. 
RESULTS AND DISCUSSION
Diffusivity dependence on loading from the mean-square displacement Figure 3 shows a plot of the mean-square displacement (MSQD) at various loadings of methane at 300 K. The results show that, for set A, the self-diffusivity D decreases with an increase in loading, c, with the exception of c ϭ 3 and 6 methane molecules/cage where a small dip is seen (see Figure 4) . The reason for this anomaly is unclear and needs further investigation. The general trend, however, is that the self-diffusivity decreases with increasing c. In contrast to this, D increases with c for set B (see Figure 4) . A decrease is seen only for loadings beyond c ϭ 9 methane molecules/cage. Up to c ϭ 9 methane molecules/cage, the D values for set A are always higher than those for set B. Beyond this loading, the values of D for the two sets are close to each other. Later, we shall report additional properties and modelling of the diffusion process by a random walk model to understand these trends. 
Inter-cage jump rates and the D(c) dependence
The migration of the guest molecules is a rather complex process. Reduction to a few essentials leads to a jump model in terms of intra-cage and inter-cage jumps.
Previous work (Yashonath 1991; Fritzsche et al. 1993) has shown that the intra-crystalline diffusion of methane is, in general, controlled by diffusion events through the bottleneck. In the present case, the bottleneck for diffusion is the eight-ring window separating the cages. We have therefore computed the number of jumps from one cage to another during the course of the molecular dynamics run.
Not all jumps contribute to the diffusion process because many guests re-cross back to their former cage after a very short time and, as pointed out by Chandler (1987) , these need to be eliminated. Otherwise, the calculated rate will not be consistent with the long-time measure of transport, viz. the diffusion coefficient. Simply counting all inter-cage migrations during the total time t sim of the MD run and dividing by the number of methane molecules allows us to obtain a rate that we have labelled as k u (the subscript "u" indicating that the rate is "uncorrected"). Now, if we subtract from this rate the short visits to other cages, which re-cross back and therefore do not contribute to the overall diffusion process, we can determine the proper rate k p . Discriminating proper jumps from others is done in the following way. The cage-to-cage jumps were computed by initially assigning a given guest to a given cage (defined as the cage for which the guest-to-cage centre distance is shortest). Then, whenever the assigned cage at a given time step was different from the assigned cage in the previous time step, a jump was counted which contributed to the value of k u .
Visits to any cage that had a residence time of more than 2.5 ps were also counted. These contribute towards proper jumps. Their number during t sim divided by the number of methane molecules yields the rate k p of proper jumps per guest. This definition for counting is in accord with the residence-time distribution computed in Fritzsche et al. (1993) , which showed a first peak for times shorter than 2.5 ps indicating the re-crossings back to the original cage through the eight-ring window. Figure 5 overleaf shows a plot of k u as a function of the loading for both set A and B. For comparison, the rate of proper jumps, k p , is also shown. It can be seen that k u actually increases with concentration for both models A and B up to a loading of c ϭ 10 methane molecules/cage and then begins to decrease. Thus, the rate of the inter-cage jumps, k u , does not reflect the trend seen in D.
In contrast, the trend in k p for both models A and B are in excellent agreement with the trends seen in D. Thus, the monotonical increase with increasing loading until close to saturation for k u is completely changed to one of a monotonic decrease with concentration for set A, if one considers only the successful jumps. The difference is caused by re-crossing effects (Frenkel and Smit 2002 ).
An alternative way to define a jump rate is via a random walk model (Kärger and Ruthven 1992; Schüring et al. 2004) . In a study of ethane in an all-silica form of zeolite A (Schüring et al. 2004) , it was found that, apart from inter-cage migration or migration between two neighbouring cages, migration within the same cage can at times play an important role, especially at high loadings. In a zeolite A cage, there are usually six sites located in an octahedral lattice as shown in Figure 6 . Thus, for a diffusing molecule on one of these sites, there exists the option to either exit from this sub-lattice and to move to another sub-lattice of a neighbouring cage (through the eight-ring window) or to move within this set of six sites. In the latter case, the diffusing molecule remains in the same cage, leaving it at some later time. This diffusion process can be considered as a random walk with correlations. The correlations arise because the diffusing molecule retains the memory of its previous state. Equally, the diffusing molecule exhibits preferences as to where it will jump depending on where it was previously (Kärger and Ruthven 1992; Schüring et al. 2004) . These have been discussed in detail by Schüring et al. (2004) for the A-type zeolite. The central relationship for all types of zeolites may be written as: (1) where f is the correlation factor (Kärger and Ruthven 1992) , D is the self-diffusion coefficient calculated, for example, from the mean-square displacement using molecular dynamics simulations, and L ϭ 12.26 Å is the distance between the centres of two neighbouring cages. The value of f can only be equal to one if, on passing from one cavity to the adjacent one, a molecule loses its "memory". This means that, after entering a cavity, the diffusing molecule has to propagate with equal probability to any one of the adjacent cavities, independent of the cage from which it has come. The value of D is available from the MD run through the MSQD as mentioned earlier. Hence, f can be calculated from equation (1). We have also computed a dynamic correction factor [see also Frenkel and Smit (2002) ], that we call κ, from:
relating the uncorrected jumps to the proper jumps. The value of this κ should agree with the value of f. Both f and κ thus obtained are plotted as a function of concentration for set A as well as for set B in Figure 7 . We have already seen that correcting k u for re-crossings leads to the rate k p of proper jumps whose dependence on concentration is the same as the variation of D with c. From Figure 7 , we see that the values of f obtained from equation (1) are in excellent agreement with the values of κ.
We shall now analyse the molecular dynamics results in terms of a correlated random walk model. Such an analysis, as we shall see, is useful in obtaining an insight into the different processes that control diffusion.
It is interesting to examine the dependence of f or κ on c for set B. Both k u and κ increase with c at low loadings and then decrease at high loadings. Here, two factors determine the rate of diffusion. Thus, at low loadings, the rate-determining step for diffusion is passage through the bottleneck. At high loadings, the residence probability in the bottleneck increases with loading. This, however, leads to an increase in the uncorrected jump frequency (k u ) and not the frequency of the proper jumps (k p ) due to the decrease in f and κ. The decrease in f or κ at high loadings arises from hindrance due to crowding, when guest-guest interaction plays an increasingly important role. At high concentrations, the rate of jumps from one site of the sub-lattice (cage) to another site within the same sub-lattice or cage also becomes difficult. Therefore, the overall diffusion at high loadings is limited by the rate of migration within the cage consisting of the sub-lattice referred to as k sub , as opposed to k u which is the jump rate from a site on one sub-lattice to a site on another sub-lattice (i.e. a "cage-to-cage" jump). The correlation factor is related to these through the relationship (Schüring et al. 2004) : Since we know k u and f, we can obtain k sub . The variation of k u and k sub with c is shown in Figure 8 . Two important points emerge from this plot. Firstly, the jump rate on the sub-lattice k sub is lowest at high loadings, being an order of magnitude smaller than k u ; thus, the diffusion process is dominated by the slowest step in the diffusion process at high loadings, viz. k sub . Secondly, the values of k sub for set A and set B practically coincide for high loadings. This indicates that the process of migration past the other molecules in the cage does not depend to any great extent on the exact potential between guest and host and, furthermore, provides a good explanation for the coincidence of the diffusivity D at high loading between set A and set B. Because of the lack of space in which to move, the D values of the different parameter sets must converge to zero at very high concentrations of guest molecules.
Analysis by profiles of the local free energy and the potential energy
Deeper insight into the results described above can be obtained by considering the energetics of the processes involved. This includes the potential energy of the interaction of methane molecules with the lattice and with the other migrating particles such as methane molecules as well as the entropic effects (Schüring et al. 2002) .
An examination of the local free energy F(x) along a given direction of diffusion (taken to be the x-axis without any loss of generality) provides information about the sum of both the potential and entropic effects. The quantity F is the mean force potential (Chandler 1987 ) on a single particle in a multi-particle system. However, one must be cautious in its interpretation and complement it with other methods (Bhatia and Nicholson 2007) . It is possible to determine F from the logarithm of the probability density P(x) of finding a particle at x (McQuarrie 1976; Chandler 1987) , where P(x) is the probability density integrated over all other degrees of freedom: (4) Note that F(x), when defined in this way, is known only up to an additive constant, but here we are interested only in the free-energy profile showing the differences between different regions in the crystal. Figure 9 shows these free-energy profiles at different loadings for set A and set B. The maximum, indicating an entropic barrier (Schüring et al. 2002) , is found where the distance from the eight-ring window is zero, i.e. at the window itself. Minima at ± 1.2 Å correspond to preferred adsorption sites in front of the eight-membered ring while minima at ± 4 Å correspond to preferred adsorption sites in front of the six-membered rings, both of which are located inside the α-cage.
It can clearly be seen that the free-energy barrier or threshold decreases with increasing concentration only slightly for set A but strongly for set B. Even more important for explaining the coincidence of the D values of sets A and B at high concentration is the direct comparison of the set A and B profiles for the same concentration. This is shown in Figure 10 . With increasing loading, the strong free-energy barrier in the window as observed with set B disappears so that, at a concentration of 12 methane molecules/cage, the free-energy profiles of sets B and A are almost identical. Within the cage, the free-energy profiles of set A and set B differ only slightly for all concentrations. Thus, with increasing concentration, the most significant change is seen at or near Distance from window (Å) Local free energy (kJ/mol) Figure 9 . Free-energy profiles as a function of the distance from the plane of the window along an axis connecting the centre of two windows and the centre of the cavity. Profiles at several concentrations are shown. The window is at x ϭ 0 Å while the centres of the cavities are at ± x ϭ 6.13 Å. the window. The differences in the potential energy profiles between the guest molecule and the zeolite host shown in Figure 2 are reduced to some extent because of the significant contributions from the guest-guest interactions. These and other energetic aspects are discussed in the next section.
The similarity of the free-energy profiles at high concentration provides a hint that molecular migration processes within the zeolite are similar for sets A and B in this case. Note that, due to the projection to one dimension, other free-energy barriers which are not located on the x-axis are not revealed in the plot, although they are important for diffusion. This is the case for the barrier for the jumps on the sub-lattice, which must be higher than the barrier in the eight-membered ring since k sub < k u .
In a similar manner to the above free-energy profiles, Figure 11 shows the profiles of the mean potential energy. The mean potential energy is calculated as the arithmetic mean of all values of the potential energy between the guest and the host within a certain slice of the zeolite which has been visited by the molecules during the simulation. Typically, not only the path depicted in Figure 2 is accessed, but a large number of other paths are also accessed. However, particularly in the narrow window region, the molecules rarely visit the shortest path but traverse other paths which have different barriers.
Temperature-dependence of D and the energetics of the D(c) dependence
Energetic considerations yield energy differences that can also be expected to reflect the temperature-dependence of D via an Arrhenius law, if such a law is applicable. Non-Arrhenius behaviour could be caused by the interplay of different thresholds or by other reasons. Fortunately, in the system examined here, this is not the case. We have explored the energetics within the host-guest system in more detail, at lower temperatures (260 K and 170 K) by performing further simulations. Figure 12 shows that the resulting temperaturedependence of the self-diffusion coefficient is well described by the Arrhenius law: (5) where E a is the activation energy obtained from the slope of the Arrhenius plot and k B is the Boltzmann constant. The concentration dependence of E a is shown in Figure 13 overleaf as a function of the loading c from 1 to 12 methane molecules/cage. The main trend seen here is that, at high concentrations, the activation energy E a of set A approaches that of set B. This strongly A. Krishna et al./Adsorption Science & Technology Vol. 29 No. 6 indicates that diffusion at high values of c is governed by a mechanism which is very similar for sets A and B. This mechanism is obviously the passage within the cage as pointed out above. Let us now look at the actual magnitudes of the barrier. For set B, at c ϭ 2 methane molecules/cage, the activation energy is ca. 7-8 kJ/mol. From Figure 2 , this value is seen to agree nicely with the difference in the potential energies between the energetic barrier in the windows and the minimum in the potential landscape where, at sufficiently low loadings, the molecules may be assumed to be generally located. We should note, however, that the errors of E a are larger at lower concentrations which is a consequence of the decreasing number of guest molecules. This concerns the E a values for c ϭ 1 methane molecule/cage, in particular. Also, for set A, the activation energies at low values of c are 2-3 kJ/mol larger than the values that may be taken from Figure 2 . An explanation for the larger values can be obtained from the mean potential energy between the methane molecules and the zeolite (see Figure 11) . The barriers of the mean potential energy in the window now correspond well to the values of the activation energy at low concentration. Furthermore, we see that the concentration has little influence on the profiles. This is seen most clearly in the window region for set A which was best sampled. Due to the presence of other molecules, the molecules do not sample in exactly the same positions. The E a values for sets A and B again begin to diverge at c ϭ 12 methane molecules/cage. An understanding of this requires more detailed investigation. It might be caused by packing effects.
CONCLUSIONS
We have reported a detailed study of the predictions of molecular dynamic simulations concerning the concentration dependence of self-diffusivity for two interaction potentials. These indicate that even minor changes in the chosen parameters give rise to dramatic changes in the diffusion properties. Thus, for set A, a monotonic decrease in D with increased loading was observed whereas, with set B, an increase in D with loading occurred due to increasing diffusivities at the highest loadings.
Our analysis suggests that, at low loadings, the difference in the D values for set A and set B potentials can be attributed to the rates of migration from one cage to another (i.e. cage-to-cage jumps when duly corrected for re-crossings, k p ). Using the concept of the correlation factor and the assumption that jumps inside the cage are also important for diffusion, we have calculated the rates for the latter. At high concentrations, we find that the diffusion rate is controlled by the rate of intra-cage jumps between sites located within the same cage. In this case, the values of D as well as the free-energy profiles from one cage to another are similar for both interaction potentials. We conclude that at very high loadings of between 9 and 12 methane molecules per unit cell, traversing the cage through the crowd of other molecules becomes the diffusion-limiting step. At high concentrations, the importance of the exact nature of the guest-host interaction is found to be diminished by the interaction between the particles.
Finally, the activation energies for diffusion also coincide for both models at high concentrations, despite being different at low concentrations. While diffusion measurements at high concentrations are thus found to be unsuitable for providing experimental evidence in favour of one of the two parameters sets, the situation is totally different for small concentrations. Here, evidence is already available from the concentration dependence of the diffusivities. Hence, corresponding experiments would not only provide important information about the experimental reality of mass transfer in such systems, they could also contribute notably to the further refinement of the computational tools for their prediction.
